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Bespoke	microsatellite	marker	 panels	 are	 increasingly	 affordable	 and	 tractable	 to	
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1  | INTRODUC TION
Microsatellites,	 short	 tandem	 repeats	 (STRs)	or	 short	 simple	 re-
peats	 (SSRs),	 are	 exceptionally	 polymorphic	 repetitive	 regions	
of	DNA	 found	 throughout	 the	 genomes	 of	 both	 eukaryotic	 and	





netic	 marker	 for	 several	 decades	 in	 ecology,	 conservation	 and	
evolutionary	research,	and	are	extensively	used	in	contemporary	
studies	of	population	genetics,	parentage	and	kinship	 identifica-
tion,	 evolutionary	processes	 and	genetic	mapping	 (Ribout	et	 al.,	
2019;	Vieira,	Santini,	Diniz,	&	de	Munhoz,	2016).	Although	single	




statistical	 analyses.	 Furthermore,	 there	 remain	 scenarios	where	
SNPs	 are	 not	 practical	 for	 use,	 or	 microsatellites	 are	 preferred	
(Zhan	et	al.,	2016).	For	example,	the	management	of	captive	pop-
ulations	 has	 benefited	 enormously	 by	 the	 inclusion	 of	 genetic	
information	 (Fox	et	al.,	2018;	Witzenberger	&	Hochkirch,	2011),	
which	must	be	continually	updated	as	small	numbers	of	new	 in-






very	 quickly,	 and	 at	 very	 low	 cost	 (Puckett,	 2016).	Where	 non-
invasive	 sampling	methods	 are	 required,	 for	 example	 because	 a	
species	 is	of	conservation	concern	 (e.g.,	Fox	et	al.,	2018),	 it	may	
prove	to	be	impossible	to	acquire	sufficient	high	molecular	weight	
DNA	to	perform	NGS	for	SNP	genotyping.	In	contrast,	microsat-





satellites	 are	 still	 very	 popular	 genetic	markers,	 and	we	 predict	
they	 will	 continue	 to	 be	 used	 extensively	 in	 conservation	 and	
ecology	well	into	the	future.















satellite	marker	 discovery	within	 the	 reach	 of	 ever	more	 research	
laboratories	 as	 the	 cost-per-base	 of	 NGS	 continues	 to	 decrease	
(Koboldt,	 Steinberg,	 Larson,	Wilson,	 &	Mardis,	 2013;	McPherson,	
2014),	even	for	applied,	species-focused	conservation	research	with	
limited	 funding.	 Thus,	 the	 development	 of	 bespoke	 microsatellite	
marker	panels	has	become	commonplace.
The	 use	 of	microsatellite	markers	 is	 reliant	 upon	 variation	 in	
PCR	product	fragment	length,	and	therefore	microsatellites	must	
be	 amplifiable	 by	 PCR,	 and	must	 contain	 fragment	 length	 alter-
ing	polymorphisms	within	the	repetitive	stretch	of	SSR	sequence.	
Despite	 improvements	 delivered	 by	 NGS,	 the	 optimisation	 of	 a	
bespoke	microsatellite	panel	remains	a	time	consuming	and	costly	
process,	largely	because	the	primer	pair	for	each	potential	marker	
still	 requires	manual	 laboratory	 confirmation	 of	 both	 successful	
amplification	 and	 the	 presence	 of	 multiple	 alleles	 at	 each	 locus	
(Bloor	 et	 al.,	 2001).	 Typically,	 the	 development	 of	 a	 microsatel-
lite	marker	is	performed	through	the	discovery	of	a	microsatellite	
locus	 in	 a	 single	 individual,	 followed	 by	 analysis	 of	 the	 locus	 in	
several	more	 individuals	 to	 test	 for	 consistent	 amplification	 and	
variation	in	PCR	fragment	size	(Abdelkrim,	Robertson,	Stanton,	&	
Gemmell,	2009).	The	main	contributors	to	the	cost	of	developing	
a	panel	of	microsatellite	markers	are	 the	NGS	 reagents,	PCR	 re-
agents,	 PCR	oligos,	 capillary	 electrophoresis,	 size	 standards	 and	
staff	 time.	 Improvements	 that	 enable	 reductions	 in	 cost	 or	 time	
associated	with	marker	development	will	contribute	to	microsat-
ellite	markers	 becoming	more	widely	 available	 to	 ecological	 and	
conservation	researchers.







of	 polymorphic	 loci	 and	 the	 detection	 of	 several	 other	 important	
characteristics	 of	 a	 putative	microsatellite	marker,	which	 are	 only	
detectable	through	multiple	genome	analysis.	We	demonstrate	that	
this	method	reduces	the	number	of	markers	that	must	be	tested	for	
polymorphism	 in	 the	 laboratory,	and	achieves	an	 improved	rate	of	
successful	 marker	 development.	 Furthermore,	 our	 methods	 also	






ent	the	success	rates	of	microsatellite	development	in	P. miliaris and 
     |  3FOX et al.
C. caeruleus,	 and	 in	 two	other	 species	 (Tragelaphus eurycerus isaaci 
and Nycticebus pygmaeus),	which	were	designed	using	a	 traditional	
microsatellite	 design	method	 (Castoe	 et	 al.,	 2015;	 Griffiths	 et	 al.,	
2016).	The	results	from	the	successful	development	of	each	panel	of	
markers,	combined	with	our	refined	bioinformatics	method,	provide	
a	strong	case	 for	 the	utility	of	 the	MiMi	concept	and	 the	value	 to	
microsatellite	marker	development.
2  | MATERIAL S AND METHODS





genomic	 DNA	 (determined	 by	 gel	 electrophoresis)	 was	 diluted	 to	
2.5	ng/µl	and	sequenced	on	an	Illumina	MiSeq	(Illumina),	using	the	
Illumina	Nextera	XT	library	preparation	reagents	(Illumina).	Paired-
end,	 shotgun	 genomic	DNA	 sequencing	was	 performed	 using	 the	
Illumina	MiSeq	Reagent	Kit	v2/v3.	MiMi	analysis	was	conducted	on	
eight	 individuals	of	each	species	 (P. miliaris and C. caeruleus)	which	
were	 indexed,	 pooled	 and	 sequenced	 on	 a	 flowcell,	 per	 species.	
For	traditional	microsatellite	detection,	single	samples	of	each	spe-
cies	(T. eurycerus isaaci and N. pygmaeus)	were	individually	indexed,	
pooled	 and	 sequenced	 along	 with	 other	 species	 not	 used	 in	 this	
study	(Table	S2).	Both	methods	were	not	tested	for	all	species,	due	
to	 these	microsatellite	markers	being	designed	 for	active	 research	
projects	that	progressed	beyond	marker	development	as	the	MiMi	
method	was	being	developed	and	iterated	upon.







primer	 pairs	 containing	 point	mutations	within	 the	 priming	 regions,	
and	 avoiding	 other	 potential	 issues	 with	 a	 locus	 including	 nonspe-
cific	primer	binding	and	 insertion/deletion	mutations	 in	 the	flanking	










































4  |     FOX et al.
on	a	2%	agarose	gel	in	the	100–1,000	bp	range	for	six	or	more	indi-
viduals	out	of	eight	tested.	Fluorescent	dyes	(6-FAM,	TAMRA,	HEX,	
PET)	were	added	 to	PCR	products	using	a	universal	 tail	 technique	
(Blacket,	 Robin,	 Good,	 Lee,	 &	Miller,	 2012).	 Fragment	 length	 was	




that	 produces	 clearly	 interpretable	 electropherogram	 traces	 after	




able	 to	 optimise	 amplifiable	 and	 informative	 markers	 at	 a	 rate	 of	
47.9%	using	the	traditional	design	method,	and	86.6%	using	MiMi.	
Comparisons	 between	 average	 rates	 of	 successful	 amplification	
and	production	of	 informative	 loci	 for	each	marker	design	method	
demonstrated	a	marked	increase	in	both	measures	when	MiMi	was	





(T. eurycerus isaaci and N. pygmaeus),	markers	were	designed	using	











Automatic	 analysis	of	MSA	 files	 allowed	 the	 identification	and	
removal	 of	 loci	 with	 mutations	 within	 the	 primer	 binding	 sites	
(Figures	 S1a,b)	 and	 loci	 showing	 very	 low	 alignment	 quality.	 Low	
alignment	quality	is	indicative	of	a	locus	potentially	containing	frag-
ment	length	altering	polymorphisms	(insertions/deletions)	between	
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































flowcell,	 although	 fewer	 samples	 are	 possible),	 the	 reduction	 in	
time	spent	 in	the	 laboratory,	and	associated	savings,	 justifies	the	
larger	outlay	 in	 initial	 sequencing	 costs.	A	 recent	 Illumina	MiSeq	
run	cost	approximately	$2,330,	and	using	MiMi	we	recorded	that	
90%	of	the	primer	pairs	chosen	to	be	tested	were	successfully	de-
veloped	 as	 informative	 microsatellite	 markers	 (Table	 1,	 data	 set	
No.2).	Using	 the	 traditional	method,	 sequencing	costs	were	 less,	
as	only	a	 fraction	 (12.5%)	of	 the	capacity	of	a	MiSeq	sequencing	
flowcell	was	 required,	 but	 only	 38%	of	 primer	 pairs	 tested	were	
ultimately	found	to	be	informative	markers	(Table	1,	data	set	No.5).	
The	reduction	in	time	and	laboratory	expense	associated	with	in-
vesting	 in	 “failed	 markers”	 (inconsistent	 amplification/non	 poly-
morphic	 loci)	ultimately	 results	 in	a	net	saving	when	using	MiMi.	
Based	 on	 our	 estimated	 rate	 of	 successful	marker	 development,	
a	project	to	develop	a	panel	of	20	optimised	markers	over	a	two-
week	 period	 using	 the	MiMi	 methodology	 would	 cost	 less	 than	
using	 the	 traditional	methodology	over	 a	 four	week	period	 (16%	
reduction	 in	 total	 cost,	 50%	 reduction	 in	 staff	 costs	 only,	 19%	
increase	 in	 reagent	 costs	 only;	 see	 Tables	 S3	 and	 S4).	 The	most	
significant	savings	will	be	in	researcher	time	spent	screening	loci,	
which	was	approximately	50%	less	using	MiMi.
3.1 | Description of output files












txt”	gives	 just	 those	 loci	which	were	able	 to	pass	all	quality	control	
filters	as	either	high-	or	good	quality.	The	 log	 file	details	which	 loci	











MiMi	has	proved	 to	be	 a	 fast,	 cost	 effective	 approach	 to	 identifi-
cation	and	characterisation	of	microsatellite	markers	using	genomic	
sequence	data	from	multiple	individuals.	The	application	of	a	micro-
satellite-picking	 tool	 such	 as	 pal_finder	 typically	 results	 in	 tens	 of	
thousands	of	potential	loci,	and	therefore	it	makes	logical	sense	to	at-
tempt	to	apply	in	silico	marker	optimisation	methods	over	laboratory	
optimisation,	 to	 increase	 the	 efficiency	 in	 identifying	 informative	
loci.	MiMi	is	the	first	tool,	to	our	knowledge,	that	allows	this	range	of	
Species pal_finder loci
Griffiths et al. (2016) 
loci MiMi loci
Cyanistes caeruleus 158,147 4,513	(2.9%) 302	(0.19%)
Psammechinus miliaris 469,047 5,657	(1.2%) 250	(0.05%)



































in	both	 the	 rate	of	 successful	 amplification	by	PCR,	 and	 the	de-
velopment	of	informative	markers.	Nucleotide	polymorphisms	and	
INDEL	 mutations	 within	 the	 forward	 or	 reverse	 primer	 binding	
site	can	cause	issues	with	inconsistent	or	failed	PCR	amplification,	
potentially	 resulting	 in	 allelic	 dropout	 (Silva,	 Torrezan,	 Brianese,	




estimates	 of	 inbreeding	 in	 the	 population	 (Wang,	 Schroeder,	 &	
Rosenberg,	2012).	Two	main	causes	of	allelic	dropout	have	been	








of	 sequence	 conservation	 in	 at	 least	 one	 primer-binding	 site	
improved	the	rate	at	which	we	were	able	to	amplify	loci	success-
fully.	If	possible,	genomes	of	individuals	from	a	range	of	putative	
populations	should	be	 included	 in	 the	MiMi	analysis	 to	minimise	
null	 allele	 bias	 towards	 a	 particular	 sub	 population	 (Oosterhout,	
Weetman,	 &	 Hutchinson,	 2005).	 Analysis	 of	 each	 microsatellite	
locus	 in	an	MSA	also	allows	visualisation	of	the	number	of	motif	
repeats,	 and	 automatic	 prioritisation	 of	 loci	 where	 variation	 is	
seen	among	samples.	Rejecting	monomorphic	 loci	 through	MiMi	
produced	an	increase	in	the	rate	at	which	we	were	able	to	develop	





Where	 sequences	 containing	 the	primer	 sequence	produce	 low-
overlap	alignments,	 it	 is	 indicative	that	the	corresponding	primer	
binding	 site	occurs	 in	multiple	 locations	across	 the	genome,	and	







mutations	between	 the	primer	binding	 sites	 (excluding	 the	micro-
satellite	itself)	is	indistinguishable	by	capillary	electrophoresis	from	
“true”	 variation	 at	 the	microsatellite	 locus	 (Angers	 &	 Bernatchez,	
1997;	Grimaldi	&	Crouau-Roy,	 1997;	 Stágel	 et	 al.,	 2009).	Markers	
with	fragment-length-altering	mutations	outside	the	microsatellite	
locus,	potentially	 invalidate	 the	assumptions	of	a	number	of	mod-
els	 of	 microsatellite	 evolution,	 and	 are	 therefore	 avoided	 in	 our	
protocol.
Whilst	MiMi	does	not	 allow	one	 to	 state	with	 certainty	 that	 a	
putative	marker	will	not	exhibit	any	of	the	negative	characteristics	
described	 (allelic	 dropout,	 null	 alleles	 arising	 from	 population	 dif-
ferentiation,	 nonvariable	 microsatellite	 loci,	 cross	 amplification	 or	
invalidation	 of	 assumptions	 of	 evolutionary	model)	when	 compre-
hensively	 characterised	 in	 a	 much	 larger	 number	 of	 samples,	 the	
opportunity	to	identify	loci	that	do	exhibit	them,	and	subsequently	
remove	them	from	analyses,	is	nevertheless	valuable.










alignments Primer mutations Nonvariable High quality Good quality
1 Cyanistes caeruleus 302 14	(4.6%) 7	(2.3%) 205	(67.9%) 13	(4.3%) 63	(20.9%)
2 Psammechinus miliaris 250 102	(40.8%) 9	(3.6%) 101	(40.4%) 12	(4.8%) 26	(10.4%)
     |  7FOX et al.
Variation	in	the	rate	at	which	loci	were	removed	under	each	qual-



















(Ekblom	 &	 Wolf,	 2014).	 The	 proportion	 of	 individuals	 in	 which	
a	primer	must	be	detected	 is	 user	definable,	with	 a	minimum	of	
two	 individuals	 required	 for	MiMi	 to	provide	useful	 information.	
Where	loci	were	successfully	detected	in	multiple	individuals,	we	
found	 a	 negative	 correlation	 between	 the	 number	 of	 potential	
markers	 and	 the	 frequency	at	which	 loci	were	 found	 in	multiple	
data	sets.	These	frequencies	are	dependent	upon	the	genome	size,	







significantly	>1X,	 their	 removal	may	 result	 in	 the	dismissal	of	an	
increased	 frequency	 of	 otherwise	 useful	 loci	 that	 appear	multi-
ple	 times	 in	 the	 sequence	data	as	a	 result	of	 the	 random	nature	
of	 shotgun	 sequencing	 (Bouck,	 Miller,	 Gorrell,	 Muzny,	 &	 Gibbs,	




sequence	 from	 the	 same	biological	 sample	will	 appear	alongside	





and	 infers	 these	 are	 representative	of	 the	 loci	 in	 the	wider	popu-
lation.	However,	 this	 is	not	always	expected	to	be	true	 (Goldstein,	











Loci	 that	 do	 show	 allelic	 variation	 are	 ranked	 by	 the	 range	
size	of	the	microsatellite	repeat	number	(Goldstein	&	Schlötterer,	
1999),	with	 the	 assumption	 that	 the	 loci	with	 the	 largest	 differ-
ences	are	most	 likely	to	be	informative	markers.	A	large	range	in	
the	number	of	repeats	implies	that	the	variation	seen	at	the	locus	
is	 less	 likely	 to	 be	 the	 result	 of	 an	 amplification	 or	 sequencing	
error	 (Hosseinzadeh-Colagar,	 Haghighatnia,	 Amiri,	 Mohadjerani,	




data	 in	 comparison	 to	 traditional	microsatellite	 library	discovery	
methods,	 but	 the	 robustness	 of	MiMi	 should	 be	 tested	 in	 addi-
tional	species.
We	recommend	that	eight	unrelated	individuals	are	sequenced	
for	MiMi	 processing	 for	 optimal	 capture	 of	markers	 exhibiting	
multiple	 alleles	 at	microsatellite	 loci.	Whilst	 it	 is	 impossible	 to	
state	an	optimum	figure	for	universal	use,	due	to	varying	allelic	
richness	 in	 species	 and	 populations	 (Bashalkhanov,	 Pandey,	 &	




their	 extreme	 scarcity,	MiMi	 is	 still	 applicable.	MiMi	will	 func-
tion	beneficially	on	any	number	of	samples	>1,	whether	related	






ditional	 depth	of	 coverage	be	 required.	 It	 is	 important	 to	note	
that	 we	 are	 not	 attempting	 to	 detect	 all,	 or	 even	most	 alleles	
present	at	a	locus.	Detecting	the	presence	of	multiple	alleles	(>1)	






Methods	 of	 genotyping	 microsatellites	 by	 high-throughput	 se-
quencing	 are	 a	 promising	 development	 and	 avoid	many	 of	 the	 am-
biguities	 inherent	 in	 genotyping	by	 capillary	 electrophoresis	 (Shin	 et	
al.,	 2017;	 Zhan	 et	 al.,	 2016).	 Determination	 of	 accurate	 genotypes	
by	these	methods	enables	many	of	the	additional	tests	required	of	a	










collected	by	 Simon	Exley	of	Queen's	University	Belfast.	 Funding	 for	
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